Brasil REINERT, FERNANDA; LEAL-COSTA, MARCOS V.; JUNQUEIRA, NÍCIA E.; TAVARES, ELIANA S.
INTRODUCTION
The understory vegetation of tropical rainforests shows large variation in leaf morphology and crown architecture (Bongers and Popma 1990 , Valladares et al. 2000 , 2002 . Crown architecture with minimum leaf overlapping in the horizontal plane minimizes self-shading and, therefore, maximizes capture of photosynthetic active radiation (PAR), an expected feature among shade plants (Pearcy and Yang 1998 , Valladares et al. 2000 , 2002 . Plant acclimation to environments with contrasting PAR levels involves physiological and morphological modifi cations including: leaf gas exchange, absorptance and refl ectance properties, pigment composition and
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FERNANDA REINERT, MARCOS V. LEAL-COSTA, NÍCIA E. JUNQUEIRA and ELIANA S. TAVARES crown architecture (Kohyama and Hotta 1990 , Poorter et al. 2000 , Valladares et al. 2000 , 2002 , Scarano et al. 2002 , Mantuano et al. 2006 ). Sun plants generally have higher photosynthetic capacity on a leaf area basis, thicker leaves and higher nitrogen content. In contrast, plants in shaded habitats show minimum leaf overlap, higher chlorophyll content, thinner mesophyll tissue, and less stomata on a leaf area basis (Björkman 1981 , Givnish 1988 , StraussDebenedetti and Berlyn 1994 . Within Bromeliaceae, although there have been a large number of studies on physiological responses to varying PAR (Martin 1994 , Reinert et al. 2001 , Fernandes et al. 2002 , Haslam et al. 2002 , only a few explore sun and shade anatomical and morphological characteristics of the rosettes. The studies on Tillandsia usneoides under three incident light levels (Martin et al. 1985) ; and the ones on Bromelia humilis and Aechmea bromeliifolia under natural contrasting environments (Lee et al. 1989 , Scarano et al. 2002 suggest that, at least for some characters, the results are confl icting. For example, the number of stomata reduces in response to higher PAR in T. usneoides but can either increase or decrease in A. bromeliifolia when different light levels are associated with other environmental variants. Additionally, Bromeliaceae have a large number of species with the CAM (Crassulacean Acid Metabolism) photosynthetic pathway which is often associated with particular anatomical traits. A general feature of CAM plants is leaf succulence, characterized by large undifferentiated mesophyll cells with large vacuoles and relatively reduced intercellular air space (Gibson 1982 , Winter et al. 1983 , Smith et al. 1996 , Nelson et al. 2005 , Nelson and Sage 2008 .
Besides possible anatomical variation in response to sun and shade conditions or in relation to the presence of CAM, members of the subfamilies Bromelioideae and Tillandsioideae show very diverse life forms: including atmospheric forms and the tank-forming rosettes. Both forms have highly specialized scales to the acquisition of water and nutrients, the stalked peltate trichomes, which were well described by Benzing (1970 Benzing ( , 1976 . Atmospheric bromeliads have non-absorptive roots that are associated with holding the plant to the substrate, often trunks and wires (Martin 1994) . Tank-forming rosettes are characterized by wide, fl at leaves with expanded overlapped bases forming separate water impounding chambers, known as tanks, within which water and debris are held.
The occurrence of C3 and CAM species, of different life forms and species distributed over a wide range of environments make the Bromeliaceae a group of particular interest for many research areas (Lee et al. 1989 , Martin 1994 , Scarano et al. 2002 . Neoregelia cruenta (R. Graham) L.B. Smith is a CAM and tank-forming bromeliad widely distributed in the sand ridge plains of Rio de Janeiro, Brazil, known as restingas (Lacerda and Hay 1982, Reinert et al. 1998 ). This species occurs in a variety of microhabitats; from the understory of the restinga forest to bare sand under full exposure. Neoregelia cruenta shows a wide variety of morphotypes, from short well overlapped yellowish leaves in the sun to long thin dark leaves in the shade ( Fig. 1 ; Reinert et al. 2001 , Fernandes et al. 2002 the centre of the tank) was removed for morphoanatomical studies. Leaf length and leaf basal width were measured to estimate leaf area. Leaves were cut in three equivalent portions for the anatomical studies: the leaf base, leaf middle and the leaf apex were fi xed in 70% alcohol. Previous measurements of light levels showed that the exposed sites get 3 to 10 times more light than the shade sites depending on the time of the day and the season. Transversal sections from the three portions (base, middle and apex) were made with a manual Ranvier microtome and stained with a mixture of Safranine and Astra Blue (Bukatsch 1972). Observations, measurements and photographs were taken under an optical microscope (Zeiss Axioskop 2, DEI-750 D, CE, Germany) using magnifi cation lenses of 5, 10, 20 and 40x equipped with a video, a digital camera (Optronics, USA), and a computer with a Windows ® compatible program (Axiovision 3.0, USA). The following measurements were taken from each portion (base, middle and apex) of sun and shade leaves: thickness of the leaf, epidermis (including the hypodermis), chlorophyll parenchyma, and water parenchyma; and the vascular bundles frequency in one linear millimeter. Measurements were taken from fi ve replicates from each of the fi ve sun and shade leaves (n=25). All measurements in transversal view were taken avoiding the depression region around the trichome stalks. Epidermal peels were obtained and stained with Jeffrey's technique (Kraus and Arduin 1977) to characterize the epidermis from frontal view and to determine the number of stomata and trichomes per surface area. Measurements were done by projection of slides onto 1 mm 2 graph paper with the aid of a lucid chamber connected to an optical microscope (Zeiss Standard, Germany). Characterization of the trichomes was done by gently scraping leaf surfaces. Trichomes were stained with Safranine and Astra Blue. All slides were mounted in a mixture of water and glycerine (1:1 v/v) and sealed with colourless nail polish. Statistical analyses were undertaken with the aid of the software Graph Pad Instat 3.0 for Windows ® . Mean values within each region (base, middle and apex from both abaxial and adaxial side) were compared by the T test. Differences between means were considered signifi cant at p < 0.05.
RESULTS
The upper surface of Neoregelia cruenta leaves vary from dark green to yellowish and appear shiny and smooth, whereas the lower surface is whitish with longitudinal parallel ridges and white lines across. Different phenotypes, displaying the full range of characteristics, are naturally found in the restinga within a few meters of each other depending on the degree of shading. Rosette and leaf morphological parameters for sun and shade plants are shown in Table I . Tank height (comprising the base of the rosette that withholds water due to overlapping of the leaf bases) was nearly three times higher in sun plants. Shade leaves are narrower, about twice as long and have almost two times more chlorophyll than sun leaves. Thorns are present on the lateral border of both sun and shade leaves (Fig. 2) . In sun plants, thorns are closer together, reddish, larger and harder, and the top end of the tank coincides with the appearance of the fi rst thorns. In shade plants, fl exible and transparent thorns less than 1 mm in length can be distinguished from the very basal portion of the leaves ( Fig. 2 ; Tab. I).
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FERNANDA REINERT, MARCOS V. LEAL-COSTA, NÍCIA E. JUNQUEIRA and ELIANA S. TAVARES Frontal view: the epidermal cells are rectangular with wavy anticlinal walls (Fig. 3A, B) . Trichomes are present on both surfaces. Trichomes are composed of central cells surrounded by a wing of cells. However not all trichomes are clearly concentric (Fig. 3C, D) . Trichome shields are visually larger on the leaf base than on the middle and apex in sun and shade plants (Fig. 3C, D) . The number of trichomes signifi cantly varied between shade and sun leaves in the three portions in both adaxial and abaxial sides (Tab. II). Stomata are tetracitic and only present on the abaxial surface. They are shaded by trichomes oriented in series with the long axis of the guard cells parallel to the long axis of the leaf. Stomata are almost entirely absent at the base of the sun leaves.
Transversal sections: sun leaves are significantly thicker in the apex and thinner in the base than shade leaves (Tab. II). The epidermis is a single layer of fl at cells highly lignifi ed. The cuticle is too thin to be discerned at these magnifi cations (Fig. 4A, B) . Stomata and trichomes are in depressions of the epidermis (Fig. 4C, D) . Trichomes are composed of a stalk with 3-4 cells and a wing with varying number of cells. Below the epidermis there are one or two layers of strongly lignifi ed cells. Below these sub-epidermal layers, there is a water storage colourless parenchyma with varying number of cell layers and cell shapes depending on the region of the leaf (Fig. 5) . The water parenchyma also has cells with undulant lateral walls that resemble a concertina (Fig. 6 ). Sun plants show fi ve to six layers of cells in the water parenchyma, they are isodiametric and somewhat dorso-ventrally fl at in the leaf base, and isodiametric in the leaf apex (Fig. 5) . In the leaf middle of sun plants, the water parenchyma includes cells of two different shapes: about three layers of isodiametric cells and three layers of approximately cylindrical anticlinally elongated cells (Fig.5) . In shade plants, the water parenchyma has seven to nine layers of isodiametric and dorso-ventrally elongated cells in the base and in the middle of the leaves; and fi ve to seven layers of isodiametric cells in the leaf apex. Below the water parenchyma, there is the densely packed chlorenchyma tissue. In sun plants, similarly to what is found for the water parenchyma, cells are isodiametric and somewhat dorso-ventrally fl at in the leaf base and middle, and more elongated cells in the leaf apex. The number of cell layers varies around 14 in the leaf base, 18 in the leaf middle and 23 in the leaf apex. Overall, shade leaves show similar shape cells, however, the number of cell layers in the leaf middle varies between 18 and 22 and in the apex between 16 and 21. At the base, the number of cell layers was equivalent to that of sun leaves (14) (Fig. 7) . In sun leaves the chlorenchyma is signifi cantly thicker in the apex and thinner in the base compared to shade leaves (Tab. II). The chlorenchyma and the sub-epidermal tissues are interrupted by stomatal chambers (Fig. 7) .
The collateral vascular strands run the length of the leaves between the chlorenchyma (Fig.  8A, B) . The costal chlorenchyma buttresses the bundle sheaths (Fig. 8A, B) . The vascular bundles are surrounded by sclerenchyma cells that may extend towards both surfaces (Fig. 8A, B) . The vascular bundles with the ensheathing fi bres differ in size and generally alternate larger with one or more smaller ones (Fig. 8A, B) . Aerial channels, fi lled with arm-like cells, are observed between the vascular bundles. This tissue is loosely packed and forms a trabeculae system which supports the aerial channels (Fig. 8C-E) . Transversal vascular bundles, or commissures, cross the aerial channels connecting the main longitudinal bundles (Fig. 8D) . Near these bundles, the arm-like parenchyma is more densely packed. The vascular bundles frequency in one linear millimeter in shade plants is equivalent in both plants (Tab. II). 
DISCUSSION
Most morphological attributes of the rosette quantifi ed here for shade and sun plants differed statistically. Similar morphological variation of the rosette was described for Bromelia humilis under several shading levels (Lee et al. 1989 ). The striking morphological plasticity observed among several bromeliad species is believed to be mainly a response to light (Lee et al. 1989 , Martin 1994 . Indeed sun plants, which are easier to handle because of the compact rosette, were transferred to a tropical greenhouse in the north of England for a previous study, and the result was: younger leaves and newborn ones developed shade traits while old sun leaves senesced. The rosette attributes became that of a typical shade plant observed in the fi eld (R. Reinert, personal observations).
The main anatomical characteristics of N. cruenta are similar to those described for other Bromeliaceae family members (Tomlinson 1969 , Loeschen et al. 1993 , Reinert and Meirelles 1993 , Proença and Sajo 2004 , Scatena and Segecin 2005 , Proença and Sajo 2007 . The highly lignifi ed sub-epidermal layer(s) was described for several genera such as Neoregelia, Ananas and Bromelia (Tomlinson 1969) . As the ontogeny of this tissue was not studied here, it is not possible to state whether this sub-epidermal tissue is a hypodermis, as described for other bromeliad species (Tomlinson 1969) or if it is derived from the epidermis and, therefore, it is a multiple epidermis. The absence of palisade tissue is known among Bromeliaceae; of the 22 species studied by Downs (1974) , fi ve have this tissue. To the best of our knowledge, concertina 
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FERNANDA REINERT, MARCOS V. LEAL-COSTA, NÍCIA E. JUNQUEIRA and ELIANA S. TAVARES cells have not been described in Bromeliaceae. The appearance of the concertina cells described here is similar to that described for two Caesalpinieae species (Curtis et al. 1996) . A higher capacity for water storage, derived from their highly sinuous cell wall, was attributed to these cells (Curtis et al. 1996) . Such possibility is a clearly desirable feature under non constant conditions of water supply; however, experimental data is necessary before we can attribute such a role for the concertina cells. The data presented here suggests that classical anatomical differences described for sun and shade leaves (Björkman 1981) are less conspicuous in N. cruenta as several features varied as much within each leaf type as they varied between sun and shade leaves. Among the traits that were signifi cantly different, we found that sun leaves were thicker in the apex portion due to the number of chlorenchyma cell layers. Thicker leaves due to a larger number of cell layers were described as typical of sun plants (Björkman 1981, Strauss-Debenedetti and Berlyn 1994) . Nevertheless, the fact that shade leaves were thicker in the base apparently goes against these trends. However, the interpretation of anatomical traits is incomplete if architecture of the rosette is not taken into account. Shade leaves are nearly horizontal such that the base of the leaf is photosynthetic active. Such aspect is supported by the presence of stomata in this portion. In contrast, sun leaves are nearly vertical and the base of the leaf is not exposed to light, stomata are almost absent and trichomes are more abundant. Changes in the angle of the leaves in response to light is well described for more than 50 years (Pyykkö 1966). Tank-form bromeliads tend to restrict gas-exchange to the upper portion of the blade and water uptake to the base, which is usually submerged (Adams and Martin 1986, Reinert and Meirelles 1993) . This seems more the case of sun plants than shade ones. Sun plants withhold water in the centre of the rosette as well as in between more external leaves. In contrast, shade plants mainly withhold water in the centre, because more external leaves do not overlap enough. More stomata in the apex of sun plants, such as observed here, was expected as described for other sun plants, in order to support larger photosynthetic rates (Givnish 1988) .
Differences in crown architecture between plants growing under differing sun and shade in the forest understory were more relevant than those between species within the same environment (Valladares et al. 2002) . The relatively subtle anatomical differences observed between sun and shade leaves of N. cruenta contrasts with the marked morphological differences between their sun and shade rosettes. The architecture of sun rosettes of N. cruenta mainly favours less light capture at the same time that reduces exposure of leaf surface and tank water surface to evaporation. Rosette traits of shade plants optimize light capture, without much regard to evaporation constraints. Such differences in the architecture probably result in less dramatic differences in light incidence at the tissue level of the sun and shade plants, which in turn may or may not translate into similar rates of photosynthesis. These questions open a new venue in our understanding of plant production in response to light in Bromeliaceae. 
